This work focuses on the characteristics of polymer blend electrolytes based on corn starch and chitosan doped with ammonium iodide (NH 4 I). The electrolytes were prepared using the solution cast method. A polymer blend comprising 80 wt% starch and 20 wt% chitosan was found to be the most amorphous blend and suitable to serve as the polymer host. Fourier transform infrared spectroscopy analysis proved the interaction between starch, chitosan and NH 4 I. The highest room temperature conductivity of (3.04 ± 0.32) × 10 −4 S cm −1 was obtained when the polymer host was doped with 40 wt% NH 4 I. This result was further proven by field emission scanning electron microscopy study. All electrolytes were found to obey the Arrhenius rule. Dielectric studies confirm that the electrolytes obeyed non-Debye behavior. The temperature dependence of the power law exponent s for the highest conducting sample follows the quantum mechanical tunneling model.
Introduction
Solid polymer electrolytes (SPEs) are important in creating materials for energy storage devices that require high performance with thin and flexible form factors, such as batteries and electrochemical double-layer capacitors [1] [2] [3] . SPEs can greatly reduce the packaging and sealing of a device, which may increase energy and power density [3, 4] . In contrast to liquid electrolytes, SPEs possess special properties such as ease of fabrication, good shelf life, cyclability and processability [5] .
Polymers obtained from natural polymers such as starch and cellulose derivatives like hydroxyethylcellulose and hydroxypropylcellulose have attracted attention in recent works because of their mechanical and electrical properties [6] [7] [8] . Recently, starch has become one of the most popular, renewable and biodegradable polymers. Starch attracts scientists because of its rich variety and abundance in nature. It is composed of repeating 1,4-α-d-glucopyranosyl units: amylose and amylopectin. However, the relative amounts of these substances depend upon the plant sources [9, 10] . Different starches like arrowroot, corn and potato starches have been widely used by researchers [11, 12] . Kumar et al [13] reported that a polymer electrolyte system prepared by mixing ammonium iodide (NH 4 I) with potato starch produced an ambient electrical conductivity of ∼2.40 × 10 −4 S cm −1 . Starch-NH 4 NO 3 electrolyte was reported to obtain a conductivity of 2.83 × 10 −5 S cm −1 at room temperature [14] .
Chitosan consists of β-(1,4)-linked 2-amino-deoxy-dglucopyranose that can be prepared by deacetylation of chitin [15] [16] [17] [18] . Chitosan has many functional groups including amino and hydroxyl groups which can serve as electron donors [19] . Chitosan is dissolved in aqueous solutions of some organic and inorganic acids and becomes a cationic polymer due to the protonation of amino groups on the C-2 position of the pyranose ring [20, 21] . Since chitosan is non-toxic and biocompatible with the human physiological system, it has been investigated as a biomaterial in some industries such as tissue engineering [22] [23] [24] and biomedical applications [25] [26] [27] . The application of chitosan as an SPE in electrochemical devices has received much attention from researchers [28] [29] [30] .
Xu et al [31] carried out a study on mechanical properties, water resistance and compatibility of composite films using a blend of chitosan and starch. Their results suggested that starch and chitosan were compatible and can interact with each other. Sudhakar and Selvakumar [32] reported a room temperature conductivity value of 1.20 × 10 −7 S cm −1 for a starch-chitosan blend doped with lithium perchlorate (LiClO 4 ). A polymer electrolyte based on a starch-chitosan blend doped with NH 4 NO 3 gives a conductivity value of 3.89 × 10 −5 S cm −1 at room temperature, as reported by Khiar and Arof [33] . Shukur et al [34, 35] reported that the highest room temperature conductivity of a starch-chitosan-NH 4 Cl electrolyte and a starch-chitosan-NH 4 Br electrolyte is 6.47×10 −7 and 9.72×10 −5 S cm −1 , respectively. A comparative study by Hema et al [36] shows that a polyvinyl alcohol (PVA)-NH 4 I electrolyte obtained a higher conductivity of 2.50 × 10 −3 S cm −1 , compared to PVA-NH 4 Br (5.70 × 10 −4 S cm −1 ) and PVA-NH 4 Cl (1.00 × 10 −5 S cm −1 ). According to the authors, the high conductivity obtained by PVA-NH 4 I is due to the lower lattice energy and larger anionic size of NH 4 I compared to NH 4 Br and NH 4 Cl. In the present work, the choice of NH 4 I as the dopant in the starch-chitosan polymer blend is expected to obtain a higher conductivity than starch-chitosan-NH 4 Br and starch-chitosan-NH 4 Cl electrolytes. The chitosan-NH 4 I electrolyte is reported to obtain a room temperature conductivity of 3.70 × 10 −7 S cm −1 [37] . Mohamad et al [38] reported that a chitosan-polyethylene oxide (PEO)-NH 4 I electrolyte obtained the highest room temperature conductivity of 4.32 × 10 −6 S cm −1 . The aim of this work is to develop a polymer electrolyte system based on a corn starch-chitosan blend and doped with different amounts of NH 4 I, which will provide the charge carriers. The samples will then be characterized by x-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), Fourier transform infrared (FTIR) spectroscopy and electrochemical impedance spectroscopy (EIS) in order to study the interactions between the polymer host and the charge carriers as well as the influence of the charge carriers in the conductivity trend and the conduction mechanism.
Experimental methods

Preparation and characterization of various starch-chitosan blend films
Different weight percentages (x wt%) of corn starch (Brown & Polson) were dissolved in 100 ml of 1% acetic acid (SYSTERM) and heated at 80
• C for 20 min. After the solutions cooled to room temperature, (100 − x) wt% of chitosan (viscosity: 800-2000 cP, 1 wt% in 1% acetic acid (25 • C), molecular weight of approximately 310 000-375 000 with degree of deacetylation >75%, Sigma-Aldrich) was then added to the solutions. The mixtures were stirred until homogeneous solutions were obtained. All solutions were cast onto different plastic Petri dishes and left to dry at room temperature, then kept in a desiccator filled with silica gel desiccants for further drying.
XRD measurements of the polymer blend films were carried out using a Siemens D5000 x-ray diffractometer where x-rays of 1.54 Å wavelengths were generated by a Cu Kα source. The 2θ angle was varied from 5
• to 80
• . The morphology of the polymer blend films was studied using a Leica 440 scanning electron microscope at 1000× magnification.
Preparation of electrolytes
The polymer blend electrolyte system was prepared by dissolving 80 wt% of starch in 100 ml of 1% acetic acid at 80
• C for 20 min. After the solution was cooled to room temperature, 20 wt% of chitosan was added and stirred until fully dissolved. Different amounts of NH 4 I (HmbG) were added into the solution and stirred until the solutions became homogeneous. All solutions were then cast onto plastic Petri dishes and left to dry at room temperature. The dried films were kept in a desiccator filled with silica gel desiccants for further drying.
Electrolytes characterization
The impedance of the films was measured using a HIOKI 3532-50 LCR HiTESTER at a frequency range between 50 Hz and 5 MHz from room temperature to 343 K. The electrolyte films were sandwiched between two stainless steel electrodes of a conductivity holder. The value of bulk resistance R b obtained from the measurement was used to calculate the conductivity σ using the following equation:
where t is the thickness of the electrolytes and A is the electrode-electrolyte contact area. The FTIR studies were performed using a Spotlight 400 Perkin-Elmer spectrometer in the wave number range of 400-4000 cm −1 at a resolution of 1 cm −1 . The objective of FTIR was to confirm complexation between polymer and salt. Zess Auriga FESEM at 5000× magnification was also used to study the morphology of the polymer electrolyte. This study will give an insight into the surface morphology of the semi-crystalline polymer electrolyte.
Results and discussion
Characteristics of polymer blend films
The choice of a suitable ratio of polymer blend is crucial to its ability to serve as a polymer host in electrolytes. The choice controls the reduction in crystallinity of the polymer blend. From the x-ray diffractogram of the pure chitosan film (100 wt% chitosan) in figure 1(a), a crystalline peak appears at 2θ = 23
• . According to Hasegawa et al [39] , the diffraction peak of chitosan is at 2θ = 20
• . Two broad crystalline peaks appear at 2θ = 17.1
• and 23
• for the XRD pattern of pure starch film (100 wt% starch) in figure 1(k), which is comparable with the results of Wu et al [40] . The peaks due to starch can be clearly observed for 90 wt% starch and 10 wt% chitosan, as shown in figure 1(j) . With the addition of 20 wt% chitosan, the crystalline peaks due to starch and chitosan disappear, inferring that the blend is well formed and miscible, as can be seen in figure 1(i). The abrupt change in the pattern could be due to the fact that each polysaccharide has its own crystalline region in the blend film and the XRD patterns are expressed as simply mixed patterns [41] . According to Mathew and Abraham [42] , the intramolecular interactions between the NH + 3 and hydroxyl groups in chitosan and starch chains reduce the crystallization of the film. Further addition of chitosan makes the sample less amorphous, as indicated by the broad crystalline peak due to starch and chitosan, as shown in figures 1(b)-(h). A study carried out by Sudhakar and Selvakumar [32] suggested that a blend comprising 60 wt% chitosan and 40 wt% starch served as a better host for conduction when doped with 1.5 wt% LiClO 4 and plasticized with 25 wt% glycerol. In their work they claimed that the addition of 50 wt% starch and above to the blends made the electrolyte brittle due to high intermolecular bonding in starch. Zhai et al [41] reported that it was difficult to form a homogeneous starch/chitosan mixture with a higher content of chitosan. Therefore, the present result is in good agreement with the studies of Zhai et al [41] , where the XRD pattern for the blend comprising pure 20 wt% chitosan and 80 wt% corn starch was the most amorphous and the blend exhibiting the best tensile strength. Hence in the present study the polymers were blended at a ratio of 80 wt% starch and 20 wt% chitosan (4:1) as the blend is expected to host a reasonably fast ionic conduction due to its more amorphous nature compared with other blend compositions.
SEM analysis was carried out to study the miscibility between the components in the polymer blend.
SEM micrographs of the surfaces of the 100 wt% starch film, 100 wt% chitosan film and 80 wt% starch+20 wt% chitosan film are shown in figure 2. It can be observed in figure 2(a) that the micrograph of 100 wt% starch film exhibits characteristic patterns on the surface. These patterns represent the withered ghost granules of starch polymer [43] . In figure 2(b) , the micrograph of 100 wt% chitosan film shows a smooth and homogeneous surface. The surface also shows a good structural integrity. It can be seen that the surface of 80 wt% starch+20 wt% chitosan film as shown in figure 2(c) exhibits a similar pattern to the 100 wt% chitosan film. Zhai et al [41] reported that the chitosan microdomains dispersed within the starch matrix in the blend film. This observation is similar to that seen on the film surface of the cellulose/carboxymethylated-chitosan blend [44] .
FTIR analysis
FTIR spectroscopy was used to examine the interactions of starch-chitosan and starch-chitosan-NH 4 I. By blending X-ray diffraction patterns of (a) pure chitosan film, (b) 10 wt% starch+90 wt% chitosan, (c) 20 wt% starch+80 wt% chitosan, (d) 30 wt% starch+70 wt% chitosan, (e) 40 wt% starch+60 wt% chitosan, (f) 50 wt% starch+50 wt% chitosan, (g) 60 wt% starch+40 wt% chitosan, (h) 70 wt% starch+30 wt% chitosan, (i) 80 wt% starch+20 wt% chitosan, (j) 90 wt% starch+10 wt% chitosan and (k) pure starch film. two polymers, there will be more sites for ion hopping and exchange, which will lead to an increase in conductivity [45] . The infrared spectra of starch, chitosan and starch-chitosan films are presented in figure 3. From figure 3(a), the hydroxyl bands in the spectrum of pure chitosan and pure starch film appear at 3354 and 3280 cm −1 , respectively. When two or more substances are mixed, characteristic spectra peaks will change to reflect the interactions between physical blends and chemical reactions [46] . The hydroxyl band of the 80 wt% starch +20 wt% chitosan blend film appears at 3288 cm −1 . The carboxamide O C-NHR band in the spectrum of the pure chitosan film is located at 1640 cm −1 while the amine NH 2 band appears at 1549 cm −1 , as shown in figure 3(b)(i). These positions are almost the same as those reported in other studies [45, 47] . The position of the carboxamide and amine bands have shifted to 1639 and 1548 cm −1 , respectively, in the spectrum of pure starch-chitosan blend film, as shown in figure 3(b) (ii). This result is also comparable with a report by Xu et al [31] . Liu et al [48] reported that the position of the amide-I band in pure chitosan film shifted from 1638.68 to 1638.97 cm −1 in starch-chitosan film. They suggested that interactions had taken place between the hydroxyl groups of starch and the amino groups of chitosan, even though the intensity increased with little spectra shift. Figure 4 (a) shows the FTIR spectra for polymer-salt complexes in the region of 2900-3500 cm −1 . The addition of 10 wt% NH 4 I has shifted the hydroxyl band of the pure starch-chitosan film from 3288 to 3286 cm −1 , as shown in figure 4(a) (ii). The hydroxyl band is further shifted to lower wave numbers as the NH 4 I content increases. On the addition of 40 wt% NH 4 I, the hydroxyl band appears at 3175 cm −1 . However, on addition of 50 wt% NH 4 I as shown in figure 4(a)(vi) , the υ as (NH is lowered, and reflects the interaction between the cation and the polymer [49] . On addition of 10 wt% NH 4 I salt, the carboxamide and amine bands are shifted to 1635 and 1525 cm −1 , respectively, as shown in figure 4(b) (ii). The bands are continuously shifted to lower wave numbers with the addition of NH 4 I salt up to 40 wt%. From these FTIR results, it can be concluded that complexation has occurred between the starch-chitosan blend and NH 4 I salt.
Conductivity study
The conductivity of electrolytes depends on the charge carrier concentration. Hence, when the charge concentration is changed by doping the polymer with the salt, then the conductivity is also expected to change [13] . The increase in conductivity is also attributed to the increase in the number of complexation sites of the polymer electrolyte [45] . The variation of room temperature conductivity as a function of NH 4 I concentration is presented in figure 5 . It can be seen that the conductivity increases to (3.04 ± 0.32) × 10 −4 S cm −1 as the salt content increases to 40 wt%, which may be related to the increase in the number of mobile charge carriers [14] . Kumar et al [13] reported that the highest conductivity of the starch-NH 4 I electrolyte was ∼2.40 × 10 −4 S cm −1 . The higher conductivity value obtained in this work shows that the conductivity of an electrolyte can be increased by using a polymer blend as a host. Buraidah and Arof [45] also reported that the conductivity of 55 wt% chitosan+45 wt% NH 4 I was increased from 3.73 × 10 −7 to 1.77 × 10 −6 S cm −1 when chitosan was blended with PVA. According to the authors, more complexation sites can be provided by blending two polymers. Hence, there will be more sites for ion migration and exchange to take place, leading to an increase in conductivity [45] . In the present work, further addition of NH 4 I leads to a decrease in conductivity. At concentrations of NH 4 I above 40 wt%, the distance between dissociated ions may become too close, and they are able to recombine and form neutral ion pairs that do not contribute toward conductivity [1] . 
Field emission scanning electron microscopy study
The FESEM micrographs of selected samples are shown in figure 6 . When 40 wt% NH 4 I is added, it can be clearly seen that the surface of the electrolyte exhibits a porous structure, as seen in figure 6 (c), compared to the sample containing 10 wt% NH 4 I, shown in figure 6 (a), and 20 wt% NH 4 I, shown in figure 6(b). According to Xi et al [50] , the ionic conductivity of an electrolyte is influenced by the porosity since the pore connectivity is important for the transportation of the charge carriers in the electrolyte. Thus, the conductivity increment toward the addition of 40 wt% salt is affected by the porous structure of the electrolyte. When more than 40 wt% salt was added, the morphology consists of solid particles that have suspended out of the surface, as shown in figure 6 (d). These solid particles can be attributed to the recrystallization of the salt since the polymer host is unable to accommodate the salt, resulting in recombination of the ions. This phenomenon contributes to the loss of a significant amount of charge carriers, which leads to a decrease in conductivity [1] . Thus, FESEM has helped to strengthen the conductivity studies in the present work.
Dielectric analysis
Dielectric studies of the polymer electrolyte provide important insights into the polarization effect at the electrode/electrolyte interface, and aid our further understanding of the conductivity trend [51] . The equations for the dielectric constant ε r and dielectric loss ε i are shown as follows:
where Z i is an imaginary part of impedance, Z r is a real part of impedance, C 0 is vacuum capacitance and ω is angular trend as the conductivity result, as the highest conducting sample has the highest values of ε r and ε i . There are various factors that influence ionic conductivity; namely the number of charge carriers, the concentration of mobile ions and the availability of a connecting polar domain as the conduction pathway [52] . In this work, the increase in conductivity can be attributed to the increment of charge carriers, while the decline in conductivity value can be explained by the formation of ion pairs producing neutral species, which reduces number of free ions and in turn decreases the conductivity [33] . Khiar and Arof [33] also reported that the dielectric study for the starch-chitosan-NH 4 NO 3 system follows the same trend as their conductivity result. Both ε r and ε i rise toward low frequencies due to the electrode polarization and space charge effects, confirming the non-Debye behavior of the polymer electrolytes [14] . The periodic reversal of the electric field occurs rapidly at high frequencies where there is no excess ion diffusion in the direction of the field [53] . The polarization is then decreased, leading to the decrease in the values of ε r and ε i . Figure 8 represents the temperature dependence of ionic conductivity for all compositions of starch, chitosan and NH 4 I. The increase in conductivity with increasing temperature can be attributed to the increase in number density and mobility of ions [1, 54] . The polymer chain acquires faster internal modes where bonding rotations produce motions to favor inter-and intra-chain ion hopping [55] . This phenomenon leads to the increase in conductivity. The conductivity-temperature plot in figure 8 shows that all electrolytes are Arrhenian, hence the conductivity can be expressed as
Temperature dependence of ionic conductivity
where σ 0 is a pre-exponential factor, E a is the activation energy of conduction and k is the Boltzmann constant. The activation energy decreases with increasing conductivity, as shown in table 1. The highest conducting sample has the lowest activation energy of 0.20 eV. Buraidah and Arof [45] also reported that the highest conducting sample in the chitosan-PVA-NH 4 I system with a conductivity of 1.77 × 10 −6 S cm −1 has the lowest activation energy of 0.38 eV. This result implies that the ions in highly conducting samples require lower energy for migration. Lower activation energy also resulted from the short distance between transit sites provided by the blended polymers [45] .
Transport parameters
Rice and Roth [56] proposed the hypothesis that in an ionic conductor there is an energy gap above which conducting ions of mass m can be thermally excited from localized ionic states to free ion-like states in which the ion propagates throughout the solid with velocity v. Although the Rice and Roth equation was formulated for superionic conductors typified by (i) cationic disorders, (ii) β-alumina structures and (iii) defects, the equation can be applied to provide an estimation of the number density of mobile ions that assist the ion conduction in polymer electrolytes. This is because the equation given is dependent on E a , which can be obtained from the conductivity-temperature relationship, and l, which can be considered as the distance between two coordinating sites or two atoms with the lone pair electrons across which the ions may hop [57] . According to the Rice and Roth model [56] , conductivity can be expressed as
where Z is the valency of conducting species, e is the electron charge, m is the mass of the charge carrier, n is the number density of ions and τ is the traveling time of the ions. The value of τ is obtained using the equation
According to Khiar and Arof [14] , l is the distance between two repeating units of amylose fiber and taken to be around 10.40 Å, which is used in the present study. The velocity v of mobile ions is obtained using
The value of τ can be used to determine the value of n using equation (5) . The ionic mobility µ was calculated using the value of n µ = σ ne .
In polymer electrolytes, there are two possible mobile ionic species: cations and anions. The type of cation responsible for the ionic conductivity in the polymer blend-ammonium salt system has been identified to be H + [58] . Hashmi et al [59] reported that in PEO complexed with ammonium perchlorate (NH 4 ClO 4 ), the conducting Table 1 . Transport parameters of starch-chitosan-NH 4 I system at room temperature. species is the H + ion. The H + ions of NH 4 I will be coordinated with the N atom of the amine group in chitosan [59] . The NH + 4 cations have an ideal tetrahedral structure where one of the four hydrogen atoms is weakly bound and can dissociate easily under the influence of an electric field. This H + ion can hop from one site to another leaving a vacancy which will be filled by another H + ion from a neighboring site. This structural diffusion is known as the Grotthus mechanism, which is also applicable in this work. Majid and Arof [60] have also inferred that H + is the conducting species in a chitosan acetate-NH 4 NO 3 sample.
All of the transport parameters are listed in [61] reported that the n value of methyl cellulose doped with 25 wt% NH 4 NO 3 electrolyte was 4.86 × 10 18 cm −3 , which is quite comparable with the present result. The addition of 50 and 60 wt% of NH 4 I decreases the number density and mobility of ions, leading to a decrease in conductivity.
Conduction mechanism
The ac conductivity σ ac is described as
By substituting ε r tan δ = ε i ,
Generally, σ ac is analyzed at a high frequency region to determine the ionic conduction mechanism using Jonscher's universal power law [62, 63] 
where σ (ω) is the total conductivity, A is a temperature-dependent parameter, s is the power law exponent, σ dc is the frequency-independent dc conductivity and
By substituting equation (12) into equation (10) , the value of s is obtained from the following relation: The value of exponent s is obtained from the slope of the plot of ln ε i against ln ω in figure 9 . In the present work, the acceptable frequency range is 12.90 ω ln 13.21. This is because in the high frequency region, there is no or minimal electrode polarization occurring [37] . There are various reports that suggest that the acceptable frequency range is at the high frequency region [37, 64] . Figure 10 shows the plot of s against temperature for the highest conducting electrolyte sample. The exponent s is observed to be independent of the temperature, and the plot can be best represented by the equation of s = −0.00 008 T + 0.3931. The small gradient of −0.00 008 implies that s is almost temperature-independent. From the figure, quantum mechanical tunneling (QMT) is the most suitable model to explain the conduction mechanism of the starch-chitosan-NH 4 I system. According to Majid and Arof [65] , these ions are able to tunnel through the potential barrier that exists between two possible complexation sites.
Conclusion
Starch-chitosan blend electrolytes with different concentrations of NH 4 I were successfully prepared using the solution cast method. From the XRD results, 80 wt% starch+20 wt% chitosan was found to be the most suitable ratio to serve as the polymer blend host. SEM analysis also shows that blending chitosan with starch improves the structural integrity. From FTIR studies, the complexation of starch-chitosan-NH 4 I was confirmed by the shift of hydroxyl, carboxamide and amine bands of pure starch-chitosan film. The highest room temperature conductivity is obtained at (3.04 ± 0.32) × 10 −4 S cm −1 with the addition of 40 wt% NH 4 I, which is higher compared to works carried out by previous researchers. From FESEM analysis, the variation of conductivity is influenced by the morphology of the samples. The porous structure of the highest conducting electrolyte proved to create an easy transportation method for the charge carriers. Dielectric studies suggest that the samples in this study show non-Debye behavior. The plot of conductivity-temperature shows that all electrolytes obeyed the Arrhenius rule. Employing the Rice and Roth model, the highest conducting sample has the highest n and µ values of 5.50 × 10 18 cm −3 and 3.45 × 10 −4 cm 2 V −1 s −1 , respectively. It can clearly be seen that the conductivity variation is mainly due to the concentration and mobility of free ions. The conduction mechanism for the highest conducting electrolyte is best represented by the QMT model.
